Abslrect. An extensive characterization of Bi-Sr-Ca-Cu-O (BSCCO) thin films deposited by co-evaporation on LaAIO 3 and SrTIO 3 substrates has been performed. The lilms had a T=0R = 0) of _78 K, and were predominantly c-axis oriented, with critical currant densities (J=) at 4.5 K of 1.6 x 106 and 1.1 x 106 Acm -2, lot the samples on SrTiO= and LaAIO 3 respectively. The microwave properties of the films were examined by three techniques. The complex conductivity (a* ,= o1 --i_=) and the magnetic penetration depth (J.)were measured by power transmission at 30.6 GHz; the surface resistance (R,) was measured using a cavity resonator at 58.9 GHz, and the transmlsslon llne losses were determlned by measuring the quality factor ( 
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High transition
method, since knowledge of the microwave signal propagation along transmission lines is of interest [or practical microwave applications.
Slruclure and oc properties
Our measurements were made on BSCCO superconducting films approximately 3000 ,/_thick deposited by co-evaporation on to (1(30) LaAIO3 and (100) SrTiO3 substrates 0.010 in thick. The details of the BSCCO film preparation can be found elsewhere [11] . The Tc(R = 0) of the films was determined using standard four-pointprobe measurement techniques. T, values of 78.2 and 78.0 K were measured for the films on SrTiO3 and LaAIO3 respectivdy (figure 1). Both films have a transition width (AT) of~10 K, which is consistent with previously reported resistivity data for BSCCO thin films [12] . The zero temperature intercept (R.) is lower for the film on SrTiO 3 , and suggests a higher degree of c-axis texturing, where the c axis is perpendicular to the substrate plane. Figure 2 shows SEMmicrographs of the films under study. The observed surface roughness is typical of films grown by high temperature ex-situ anneal. However, surface roughness alone has not been shown to be detrimental to microwave properties of HTS thin films [7, 13] . Note that the background structure shows the plate-like structure typical of the BSCCO system. The typical grain size for these films was between 2 and 10 /nn. xato analysis of these films showed that they were predominantly oriented with the c axis perpendicular to the film plane, although unknown peaks were observed in both samples, as shown in figure 3 . The c-axis lattice parameter agrees within 1 per cent of that corresponding to single crystals [14] .
Magnetization hysteresis measurements were performed using a Quantum Design Magnetic Property Measurement System (MPMS).For these measurements, rectangular samples were cut from the films on SrTiO 3 and LaAIO 3 , and the samples were oriented with the a-b plane normal to the magnetic field (H). Figure 4 shows magnetization hysteresis loops for both films. 
SrTiO3
is larger than that for the film on LaA103, which may be a result of better epitaxy on the SrTiO3 substrate.
In addition, the J= values for both films at 40 K agree well with the J=~1.5 x 10 s A em -2 reported at 40 K for laser-ablated BSCCO thin films (~3000 A) on MgO [12].
Characterization ol BSCCO films at microwave frequencies
Power transmission measurements
Power transmission measurements were performed on the samples at frequencies from 26.5 to 40.0 Gl-Iz (Ka- 
and tr_ is the conductivity at T_. The measured data also deviated from o_ calculated using the 8cs-based Mattis-
where ka is Boltzmann's constant, _o = 2rtf is the angular frequency, and A is the energy gap. 
and ko din 2 cos2(ko nt) + sinZ(ko nt)] GHz and 77 *K [3] . This research work primarily addresses a reproducible processing method for TICaBaCuO thin films of 2122 phase, electrical transport measurements and also microwave ring resonator measurements.
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II.PROCESSING OF TICaBaCuO THIN FILMS
The TIC.aBaCuO thin films were sputter deposited on The TI20 partial pressure was provided by placing 2223 pellets inside the crucible. Both the steps were performed with the same number of pellets placed inside the crucible.
The TI20 partial pressure provided during the sintering process establishes the phase in the thin films. The details of the post-processing steps have been reported earlier [4] [5] .
To provide the optimum TI20 partial pressure during the post-processing steps, a simple technique was used to monitor the reduction in T1 content in the as-deposited thin films, after each sputtering run. Percentage reduction in TI content from run to run was obtained by Auger Electron Spectroscopy(AES) surface analysis on the as-deposited samples. This percentage reduction in TI gives an approximate estimate of additional TI20 partial pressure needed for the post-deposition processes. figure 1 . The figure 3 shows a ring resonator designed for fundamental resonance at 12 GHz, for 10 rail thick LaAIO3 substrate.S(er--24.5).
Ill.ELECTRICAL TRANSPORT PROPERTIES
Electrical
In the figure, the linewidth of the ring and the microstrip feed line is W---5.6 mils, the coupling gap G= 1.75 mils, and the mean radius of the ring R=77 mils.
w.I Fig.3 Mirrostrip ring resonator designed for 12 GHz
The TIC.aBaCuO ring resonators were fabricated by patterning 0.3/.tm thin films using AZ 1421 photolithography, and wet chemical etching techniques described before. After processing the top conductor side, the ground plane TICaBaCuO thin film was deposited to a thickness of 0.3 ttm, and post-processed using the same steps described in section II. The unloaded Q of the resonators were obtained by swept frequency reflection measurements [6] using a HP8720B films. By separating the conductor and dielectric losses, the R_ of the TICaBaCuO thin films were calculated using the standard microstrip loss equations described by Pucel et at [7] .
The effective Rs at 12 GHz and 77 *K was determined to be typically between 1.5 and 2.75 raft, almost an order of
• magnitude lower than the _ of Cu at the same frequency and
temperature.
The lowest surface resistance reported in TIICalBa2Cu20 x thin films to date is 0.130 mfl at 77 K and I0 GHz [3] .
The swept frequency reflection measurements performed at several temperatures, were also used in determining the effective penetration depth in the TICaBaCuO thin films. The shift in resonance frequency with temperature is mainly due to the temp6rature dependence of the penetration depth in the superconducting .thin film.
The phase velocity of a
superconducting microstrip line with a superconducting ground plane is given by [8] ,
• where c is the velocity of light, ect¢ is the effective dielectric constant, h is the suhstrate thickness, t is the thickness of the microstrip, X the penetration depth of the superconducting microstrip. The penetration depth is temperature dependent based on the Gorter-Casimir relationship, ie.,
for temperature T less than Tc. X(0) is the Penetration depth at T=0 *K. The resonance frequency of the ring resonator is given by the equation
f ,=nvph/(2L )
- (3) where f is in GHz, L is the mean circumference of the ring in ram, and n is the integer order of resonance.
From the above equations, the lowest value of the effective X(0) was determined to be 6890/_. The typical value ranges between 7000 _ and 8000 _. Since the thin films were only 0. /_m. The geometry of the test devices is shown in Fig. 1 .
The voltage sense lines were 1 mm apart, and the width of the sense lines was less than the linewidths in order to approximate a point contact as closely as possible. The test devices were patterned on as-deposited TICaBaCuO thin films using standard photolithography and wet chemical etching techniques. Positive photoresist AZ 1421 was used for the lithography. The as-deposited TICaBaCuO thin films on LaAIO3 substrates were prebaked at 180 *C for 20 min before the photoresist was spun. The photoresist AZ 1421 was spun on to a thickness of about 1/am. The sampies were soft baked at 90 "(2 for 20 min, followed by exposure to UV light in a mask aligner. The photoresist was developed in a 1:5 developer:DI HzO solution for 45 see. The samples were postbaked at 85 "C for 15 rain to complete the photolithography process. A 1:90 phosphoric acid:DI H_O solution was used for chemically etching the films. The solution was kept at a constant temperature of 75 "C.The etchratewas approximately 40 _/min. After the etchingprocesswas completed,the photoresist was removed by immersingthe samplesin acetonefor 25 s, followed by a 30 s rinse inDI HzO. The patterned samples were postprocessed usingour standardmethods described above.
For electrical measurementson thetestdevices, metal bondingpads were formed by thermally evaporating 6000-./_-thick gold filmon thesuperconducting pads,througha shadow mask. In orderto obtainlow-resistance contacts, thesampleswere annealedinan oxygen flowof I I/rain, forabout 15 rainat600 "C,followed by slowfurnace cooling for 30 vainafterthe furnacewas switchedoff'. The sampleswere removed when thefurnacetemperature was approximately 300 "C.Gold wiresof I rail diameterwere bonded to thegoldpads usinga Kulickeand Sofia Model 4123 ultrasonic wedge bonder.The bonding processdid not requiresample heating. For redundancy, multiple bonds were attached on thecontact pads.
The zero-resistance Tc of the testdevices was determined by measuring the resistivity versus temperature characteristics. The critical transport Jcwas measuredusingdc and pulsed-cfirrent techniques, using a I #V/ram electric-field criterion. A Keithleymodel 181 nanovoltmeter and a Keithleymodel 224 currentsourcewere used for the dc transport measurements.The specimen temperature was controlled usinga Lakeshoremodel 805 temperature controller, connectedtoa closed-cycle helium gas refrigeration system.The errorin temperaturemeasurementwas lessthan0.25K. Thermal equilibrium was established beforemeasurementsat each temperaturebelow To.The dc current method was notused abovea currentdensity of 104A/cm 2,sincesample heating at higher currentscould cause the filmsto crack beforemeasurements could be completed.
The pulsedcurrent measurementswere performedusingtwo EG&G PARC 5210 lock-in amplifiers, a HI' 214B pulsegenerator, and an adjustable currentsourcecapable of supplyingI A. The pulsegenerator supplies a I0 V, I KHz pulsetrainwitha I0% duty cycle. The pulsedcurrent isappliedto the testdevice, and the corresponding voltage pulse is measured across the sample using the lockin amplifiers. The amplitude of the current pulse at which the voltage across the sample exceeds l/zV yields the critical current at a particular temperature. The pulsed current measurements were compared to the dc values at as many temperatures as possible to insure the accuracy and corn-HG. 2. Microstrip ring resonatordesignedfor the fundamental resonanceat 12 GHz. Thecouplinggap G andwidth W werechosen at 1.75 and 5.6 mils, respectively. patibility of the two methods. The morphology of the finished T1CaBaCuO devices was examined in an ISI $X-30 scanning electron microscope (SEM). The morphology was evaluated in order to study the correlation between Jc and the microstructure of the films.
A microstrip resonator is a useful device for measurement of dispersion, phase velocity, and effective dielectric constants of dielectric substrates. Ring resonators are being widely used for realizing filters, and stabilization of oscillators. A microstrip ring structure resonates if its electrical length is an integral multiple of the guide wavelength. A simple ring resonator device was designed that consisted of a ring structure separated from the feed line by a small coupling gap. The size of the coupling gap determines the coupling between the feed line and the ring resonator. Loose coupling is desired to minimize excessive loading effects. Is A ring resonator designed for lO-mil-thick LaAIO3 substrates (_r=24.5), for a fundamental resonance at 12 GHz is shown in Fig. 2 . In the figure, the linewidth of the ring and the microstrip feed line is W= 5.6 mils, the coupling gap G= 1.75 mils, and the mean radius of the ring R = (Rl +R2)/2=77 mils. The characteristics impedance of the microstrip is 41 fl at 12 GHz. The details of the design of the ring resonator have been described by Chorey et al. Is T1CaBaCuO ring resonators were fabricated by patterning 0.3 #m thin films using AZ 1421 positive photoresist photolithography and wet chemical etching techniques similar to the process used for fabricating the four-probe test devices described above. The ring resonators were annealed using the same annealing procedure described above. The samples were divided into two groups: one set of samples with 1/am gold film on the bottom side of the LaAIO 3 substrate for the ground plane formation and a second set with a 0.3 /zm TlCaBaCuO superconducting thin-film ground plane. The ground plane side superconductor was deposited and postprocessed using our routine postdeposition methods described above, after the microstrip ring resonator was fabricated on the top side.
A ring resonator was mounted in a gold-plated copper test fixture of I in. wide, 2 in. long, and l in. thick. The test Before measurements were performed on ring resonators, standard one-port calibration was performed at room temperature. The calibration was performed using an open, a short, and a broadband load to effectively remove the test system imperfections introduced by the interconnecting cables, adapters, etc. The calibration was also valid at lower temperatures.
IlL RESULTS
The resistivity versus temperature characteristics of a 50-#m-wide four-probe test device is shown in Fig. 3 . The measurements were taken at a constant applied current of 10 #A. The onset of superconductivity occurred at 106 K, and the device showed zero resistance at 98.5 K. The room-temperature resistivity was 1.SX 10 -3 _ cm. Zero resistance Tc between 97 and 100 K is routinely obtained. The T_ is low because of the Tl2CalBa2CuzO _ (2122) phase, which is the dominant phase in these films. The thin films were also characterized by x-ray-diffraction analysis (XRD), and the results showed the characteristic peaks of 2122 and 2223 phases. The 2122 phase with c-axis-oriented growth was the dominant phase in the T1CaBaCuO thin films, as determined from the XRD data. The details of the XRD analysis are reported by the authors elsewhere.13
The contact resistance obtained from four-probe resistance measurements is typically a few raft, at temperatures below the To. The specific contact resistivity calculated from the four-probe resistance measurements range from 3.65× 10 -5 £/cm z at 90 K, to 10 -t°_ cm 2 below 77 K.
These results were reproducible from sample to sample and are comparable with the results for Au contacts on YBaCuO high-temperature superconducting thin films.
FIG. 4.
Typical zero-field current density J_ vs temperature characteristics of a TICaBaCuO four-probe test device obtained using the I/_V/mm electric-field criterion. Figure 4 shows the typical zero-field current density J¢ versus temperature measurements obtained on the fourprobe test devices. Current densities at zero magnetic field as high as 5 X 105 A/cm 2 at 77 K an approximately 1 × 10 6 A/cm 2 at 60 K were obtained. The resistivity of the sample calculated from the I-V measurements is approximately 2.38× 10 -tl f_ cm at 77 K, much lower than any normal conductors at this temperature. The surface morphology of one of the test devices is shown in Fig. 5 . The surface was essentially featureless and very smooth, typical of highquality films. The current density of such films exceeded 105 A/cm: at 77 K. Films with numerous intergrain boundaries showed lower current densities below 104 A/ cm 2 at 77 K.
The resonator quality factor Q, the ratio of the energy stored in the resonator to the energy dissipated in the resonator, was obtained from swept frequency reflection mea- perconducting thin films. This microwave surface resistance is the fundamental quantity responsible for the conductor losses at high frequencies. The R, of sputtered thin films were obtained from ring resonator quality factor Q measurements. By separating the conductor and dielectric losses, the surface resistance of. the T1CaBaCuO thin films was calculated using the standard microstrip loss equations described by Pucel, Masse, and Hartwig. 1"I The Re at 12 GHz and 77 K was determined to be typically between !.5 and 2.75 mfl, almost an order of magnitude lower than R, of Cu at the same temperature and frequency.
The swept frequency reflection measurements performed at several temperatures are also used in determining the penetration depth of the T1CaBaCuO superconducting thin films. The resonance frequency is the frequency at which the magnitude of the reflection coefficient is at the minimum. The resonance frequency was measured at each temperature for ring resonators. A typical measured resonance frequency shift with respect to temperature for a superconducting ring resonator with an approximately I-pro-thick gold ground plane is shown in Fig. 7 . The shift in resonance frequency with temperature is mainly due to the temperature dependence of the penetration depth of the superconductor. Thus, the resonance frequency shift is an indirect method of determining the penetration depth. From the figure, the change in resonance frequency below 70 K is almost negligible. The superconducting resonators with a 0.3-/am-thick superconducting ground plane showed a slightly higher dependence of resonance frequency with temperature due to the temperature dependence of penetration depths of the top and the ground plane superconductors. A detailed analysis of this figure to determine the penetration depth of the superconducting thin films is given in the following section.
IV. ANALYSIS AND DISCUSSIONS
The data from the zero-field current density Jc measurements shown in Fig. 4 
where c is the velocity of light, E_fris the effective dielectric constant, h is the substrate thickness, t is the thickness of the microstrip, and 3. is, the penetration depth of the su- 
for temperature T less than T c. A(0) is the penetration depth at t=0 K. The resonance frequency of the ring resonator is given by the equation
where f is in GHz, L is the mean circumference of the ring in ram, and n is the integer order of resonance.
From the temperature dependence of resonance frequency measurements and the above equations, the best value of/l(0) was determined to be 6890A. The typical value ranges between 7000 and 8000 ,_. This is an approximate estimate for the penetration depth along the c axis in the TICaBaCuO thin films. Since the thin films are only 0.3-0.4 btm thick, the penetration depth depends upon the properties of the superconductor through the entire film. This may be a reason for the high penetration depth. Also, the patterned thin films have rough edges, and hence the penetration depth obtained using the above technique is an averaged value over the whole film area. 
where W e is the effective width of the microstrip, A is the area of cross section of the microstrip, T is the measure- 
